The contents of the lower alimentary tract from rats fed a semisynthetic, pectinsupplemented diet showed increased nitrate reductase activity and an increase in the amount of luminal contents in the intestine and cecum. Nitrate reductase activity was associated with the insoluble fraction of the gut contents which was sedimented by centrifugation (5,100 x g, 20 min) and was abolished after treating the animals with streptomycin, neomycin, and bacitracin for 7 days. The pectindependent increase in cecal size and microbial nitrate reduction were reversed when animals were transferred from a pectin-supplemented onto a control semisynthetic diet. Polygalacturonic acid (pectic acid) was without effect on either cecal size or cecal microbial nitrate reductase activity. The studies demonstrate that pectin influences microbial metabolism in the alimentary tract.
The mixed microbial population colonizing the lower alimentary tract of humans and animals can perform a number of degradative and synthetic reactions with a range of chemical compounds as substrates (22, 25) . These activities may benefit the host animal by performing a detoxifying function or by generating pharmacologically active products (7, 8) . Other activities may result in the activation of certain compounds to toxic products (21, 30) with adverse consequences for the host.
The metabolic activity of the gut microflora may be influenced by the environment of the gastrointestinal tract and reflect changes in species diversity or enzyme adaptation in response to medical treatment or certain dietary regimes. Any component of the diet that is not completely absorbed by the animal will ultimately reach the large intestine, where it may influence microbial metabolism. Examples of such compounds are Maillard products and raw potato starch (A. Wise and D. J. Gilburt, Drug-Nutr. Interact., in press) and dietary fiber (3, 15) .
The term dietary fiber covers a large number of polymeric materials, mainly plant cell wall constituents, which are not attacked by mammalian digestive enzymes. Certain of these materials may undergo microbial fermentation with the production of energy and consequent increase in cell mass (4, 24) . The site of this microbial action depends on the host species (13) , but in rats and humans it occurs mainly in the large intestine.
In a previous study, rats fed a diet supplemented with pectin showed increased nitrate reductase activity in preparations of cecal contents (31) . In this paper, the interaction between pectin and the gut microflora is further explored.
MATERIALS AND METHODS
Animals and diets. Male Sprague-Dawley rats were purchased from Olac Ltd., Bicester, United Kingdom, at 3 to 4 weeks of age and housed in cages with wire mesh floors. Before arrival the rats had been fed CRM diet (Labsure Animal Foods, Poole, United Kingdom). The basal fiber-free diet used in these studies has been described before (31) , and was to National Research Council recommendations (18) . Pectin or polygalacturonic acid (Sigma Chemical Co., Poole, United Kingdom; product no. P9135 or P3889, respectively) was incorporated into the diet of the experimental groups to a final concentration of 50 g/kg of diet. Food and water were provided ad libitum. The animals were killed by cervical dislocation, and a crude suspension (10%, wt/wt) of the cecal microflora was prepared as described previously (31) . Suspensions of stomach and intestinal contents were prepared in a similar manner. Nitrate reductase activity was determined by following the generation of nitrite as described by Wise et al. (31) .
Distribution of nitrate reductase activity in the gastrointestinal tract of rats. Nitrate reductase activity in stomach, small intestinal, or cecal contents was determined in two groups of four rats fed the control or pectin-supplemented diet for 29 days.
Time course for the induction of nitrate reductase activity. Nitrate reductase activity was determined in cecal content preparations from rats (four per group) which had been fed either the control or pectinsupplemented diet for 0, 2, 4, 7, 10, 14, 23, 30, 49, or 60 days. A further group was fed the pectin diet for 21 days followed by the control diet for 28 days.
Comparison of pectin and polygalacturonic acid. Nitrate reductase activity was determined in cecal contents from three groups of six rats fed either the control diet, the pectin-supplemented diet, or the polygalacturonic acid-supplemented diet for 30 days.
Mechanism of the pectin-dependent increase in nitrate reductase activity. Four groups of four rats were fed the control or pectin-supplemented diet for 30 days. One group of animals from each dietary regime was treated with streptomycin sulfate, neomycin sulfate, and bacitracin (Sigma Chemical Co.; product nos. S6501, N1876, and B0125, respectively), each at 1 mg/ml in the drinking water, for the final week of the study. Fresh antibiotic solutions were prepared daily. The animals were maintained on their original diet concurrent with antibiotic treatment. Nitrate reductase activity was determined in cecal content preparations.
The relative activity of soluble and nonsoluble cecal components in catalyzing nitrate reduction was investigated with samples pooled from four rats fed either the control or pectin-supplemented diet for 30 days. The gut contents were suspended in 0.1 M potassium phosphate buffer, pH 7.4 (32), to a final concentration of 20% (wt/wt). Samples of this suspension were sedimented at 5,100 x g for 20 min in a Griffin-Christ bench-top centrifuge, and the supernatant fraction was decanted and passed through a 0.2-,um filter (Gelman Sciences Ltd., Northampton, United Kingdom). The pellet was suspended in 20 ml of sterile, filtered 0.1 M potassium phosphate buffer (pH 7.4). Nitrate reductase activity was determined on the soluble or nonsoluble fraction after dilution with sterile buffer or sterile soluble fraction to a final concentration corresponding to 10% (wt/wt) of the original cecal contents.
Two groups of six rats were fed the control diet or the pectin-supplemented diet for 30 days. Nitrite reductase activity was determined at 37°C under anaerobic conditions (31) with 0.5 mM sodium nitrite as substrate. The decrease in nitrite concentration in the incubation mixture was determined by the method of the Association of Official Analytical Chemists (1). Nitrate reductase activity was determined as described previously (31) .
Microscopic counts (12) of the total cecal bacterial population were determined on 10 rats per group fed either the control or pectin-supplemented diet.
Statistical analysis. Differences between the dietary groups were analyzed by Student's t test, modified to account for differences in variance (2) .
RESULTS
Distribution of nitrate reductase activity in the gut. The intestinal and cecal regions of the alimentary tract from rats fed a diet containing pectin showed a 2-fold increase in the amount of luminal contents and a 20-to 30-fold increase in the nitrate reductase activity of the gut contents (Table 1) . Nitrate reductase activity was not detected in stomach contents, nor did the amount of stomach contents differ for either dietary group.
Time course for induction. Nitrate reductase activity was increased in cecal contents from both dietary groups after transfer of rats from a stock diet to the experimental regimes (Fig. 1) . However, the activity decreased to control values for the fiber-free group and thereafter remained constant for up to 60 days. Nitrate reduction also decreased in the pectin-supplemented group, yet did not return to the control value and was elevated significantly (P < 0.05) for the remainder of the study. Animals fed the pectin-supplemented diet for 21 days followed by the control diet for a further 28 days showed no increase in nitrate reductase activity, although some residual effect on cecal size was present ( Table 2) .
Mechanisms of interaction. Rats given polygalacturonic acid in the diet showed no increase in the amount of cecal contents or nitrate reductase activity in contrast to rats fed a diet supplemented with pectin (Table 3) .
Antibiotic treatment greatly decreased the nitrate reductase activity of cecal content preparations from rats fed either the control or pectinsupplemented diet (Table 4 ). However the effect of this treatment on cecal size was less clearly defined since the antibiotics themselves increased the amount of gut contents above that present in untreated animals, regardless of diet.
Nitrate reductase activity was associated with that fraction of the cecal contents sedimented by centrifugation at 5,100 x g (Fig. 2) . The soluble fraction had no intrinsic activity. The soluble fraction exerted no modifying effect when mixed with the nonsoluble material from either dietary group and could be replaced by sterile buffer without any detrimental effect.
Nitrite reductase activity was also increased significantly in cecal contents preparations from rats fed the pectin-supplemented diet, yet the magnitude of this response was not as great as that for nitrate reductase activity (Table 5) (28) , and the resulting energy may be used by the microbial community for metabolic functions and growth (4, 24) . Such changes may have consequences which extend beyond the immediate environment of the gut. For example, citrus pectin has been reported to increase the beta-glucuronidase activity of rat (3) or human (28) microfloral populations, giving the possibility of an increase in the production of carcinogenic aglycones from certain substrates (6, 29) . These present studies investigated a further interaction between pectin and the gut microflora, namely, an increase in nitrate reductase activity.
Rats fed a diet supplemented with pectin showed increased nitrate reductase activity in small intestinal and cecal contents, with an associated increase in the amount of luminal contents. These two factors greatly increased the capacity of the alimentary tract for the production of nitrite. In contrast, pectin was without effect on the stomach, and this differential induction of nitrate reductase activity may reflect variations in the bacterial population found in the different regions of the gut (5).
The nitrate reductase activity of the cecal microflora increased dramatically after rats were transferred from a stock diet onto a semisynthetic diet and was independent of the presence of pectin. This may represent a brief, nonspecific response of the microflora to these dietary per- (14) . Nitrate reduction was associated with the particulate, nonsoluble fraction of the cecal contents, and the soluble fraction had no intrinsic activity. The addition of the soluble fraction from the pectin-supplemented group to the nonsoluble material from the fiber-free group resulted in no increase in activity over that seen with the nonsoluble fraction alone. This demonstrates that the pectin-related increase in nitrate metabolism was the result of a constitutive change within the bacterial population and not the result of modification by a soluble cofactor or energy source present in the cecal contents. A similar result was found for metronidazole reduction by cecal microorganisms (Wise and Gilburt, in press).
In contrast to the changes associated with pectin, polygalacturonic acid (pectic acid) was without effect on bacterial nitrate reductase activity or cecal size. Polygalacturonic acid is structurally related to pectin, but the carboxyl groups of the D-galacturonan backbone are not methoxylated. Natural sources of pectin also contain branches with D-galactose, L-arabinose, and L-rhamnose (19) . These differences in structure may influence bacterial metabolism (19, 23) .
The environment of the hindgut is dominated by obligate anaerobic bacteria. Certain strains of anaerobes, such as bacteroides and clostridia from environments other than the gut have been reported to utilize pectin for growth (19) . Gut demonstrated no significant reorganization within the taxonomic groupings of the facultative anaerobes from rats fed pectin (31) . Nitrate may be reduced by a number of facultative and obligate bacteria (11, 27) and occurs together with pectin in plants (27) . It is conceivable that the gut bacteria living in animals that eat plants have evolved to couple pectin oxidation with nitrate reduction and ATP production, as found for some other carbohydrates (10) .
Nitrate is found in a wide range of foodstuffs of both plant and animal origin (28) , and it may also be synthesized by the gut microflora (9, 26) . The subsequent microbial production of nitrite may result in several phenomena of toxicological importance to the host animal, for example, methaemoglobinaemia (31) or the synthesis of mutagenic and carcinogenic nitrosamines (11) . The modification of bacterial metabolism by a fermentable dietary component such as pectin may have important consequences and deserves consideration as a factor contributing to the expression of toxicity in the host animal.
